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ABSTRACT
The tumor suppressor BRCA2 is a large multifunc-
tional protein mutated in 50–60% of familial breast
cancers. BRCA2 interacts with many partners and
includes multiple regions with potentially disordered
structure. In homology directed DNA repair BRCA2
delivers RAD51 to DNA resulting in removal of RPA
and assembly of a RAD51 nucleoprotein filament.
Dynamic rearrangements of BRCA2 likely drive this
molecular hand-off initiating DNA strand exchange.
We show human BRCA2 forms oligomers which can
have an extended shape. Scanning force microscopy
and quantitative single molecule fluorescence define
the variety of BRCA2 complexes, reveal dramatic re-
arrangements upon RAD51 binding and the loading
of RAD51 patches on single strand DNA. At sites
of repair in cell nuclei, super-resolution microscopy
shows BRCA2 and RAD51 arranged in largely sepa-
rate locations. We identified dynamic structural tran-
sitions in BRCA2 complexes suggested to facilitate
loading of RAD51 onto RPA coated single strand DNA
and subsequent release of BRCA2.
INTRODUCTION
Many proteins with regulatory roles, such as tumor sup-
pressors like BRCA2, have regions of undefined structure
sometimes described as intrinsically disordered. Not sur-
prisingly due to its size and potentially disordered regions,
the structure of the BRCA2 protein has been challenging
researchers for more than two decades. Structural models
obtained by X-ray crystallography have been determined
for isolated parts of BRCA2. The DNA binding domain
co-purified with the DSS1 (deleted in split-hand/split foot
syndrome) protein and the BRC4 repeat fused with RAD51
show details of the interfaces between parts of BRCA2 and
elements of the DNA recombination machinery (1,2). Full
length BRCA2 interacts with 5–6RAD51molecules (3) and
facilitates formation of RAD51 filaments on DNA to cat-
alyze the strand exchange step of homologous recombina-
tion (HR) (3–5). The arrangement of BRCA2 dimers asso-
ciated with RAD51 and single stranded DNA (ssDNA) has
been determined from electron microscopy (EM) image re-
construction (6). BRCA2 associates with several additional
partners including PALB2 that mediates interaction with
BRCA1 (7,8). BRCA2 function will require dynamic rear-
rangement of these molecular complexes facilitating part-
ner exchange throughout the process of HR.
Here, we investigate the global arrangement of BRCA2,
changes upon RAD51 binding and loading on DNA us-
ing single-molecule visualization techniques in vivo and in
vitro. Scanning force microscopy (SFM) reveals 3D struc-
tures of biomolecules in vitro in conditions compatible with
biochemical activity. Combining SFM with total internal
reflection fluorescence microscopy (TIRF-SFM) (9) allows
the identification and quantification of proteins in hetero-
geneous mixtures like the BRCA2–RAD51 complexes ad-
dressed here. In cells, BRCA2 moves in the nucleus as
oligomeric clusters together with RAD51 (10). Using sin-
gle molecule localization by direct stochastic optical recon-
struction microscopy (dSTORM) (11), we determined the
arrangement of BRCA2, RAD51 and RPA in microscop-
ically discernable structures (foci) formed in the cell nu-
cleus after DNA damage induction. Although diffusing to-
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gether, as reported previously (10), BRCA2 and RAD51
were largely separated at sites of DNA repair, in patterns
that changed over time. These results reveal biological func-
tions of the BRCA2 protein machinery manifest as the
structural transitions and dynamic interactions observed by
single molecule imaging of biochemical samples and super
resolution in cells.
MATERIALS AND METHODS
Proteins, DNAs and bulk assays
BRCA2 tagged with two tandem repeats of the maltose
binding protein (MBP) at the N-terminus was purified
after transient transfection of human embryonic kidney
293T cells with phCMV1 plasmid containing the full length
BRCA2 gene (kindly provided by S.Kowalczykowski) as de-
scribed (3). Aliquots of BRCA2 with concentration range
50–100 ng/ml (as estimated using extinction coefficient at
280 nm of 365 160 M−1 cm−1) were stored at −80◦C in
elution buffer from the final purification column (50 mM
HEPES [pH 8.2], 10% glycerol, 450 mM NaCl, 1 mM
DTT, 0.5 mM EDTA). Protein identity was confirmed by
mass spectrometry (ErasmusMC Proteomics) and West-
ern blotting (see below). BRCA2 protein was purified by
three different persons in the laboratory producing four
distinct stocks used for the SFM characterization. Predic-
tion of intrinsic disordered regions in primary sequence
was done using two different prediction web tools: IUpred
(http://iupred.enzim.hu) (12,13) and DisEMBLTM http://
dis.embl.de).
Human RAD51 and RPA were expressed in Escherichia
coli and purified as described (14,15). RAD51 with a single
cysteine exposed to the solvent was Alexa Fluor 488 (In-
vitrogen) labeled (degree of labeling 1.3) using maleimide
chemistry and checked for biochemical activities (ATPase
and D-loop formation) as described (15,16).
Escherichia coli RNA polymerase (Boehringer
Mannheim) was used as SFM size calibration standard.
Linear ssDNA (1000 bases) molecules were generated
by PCR amplification of pBluescript DNA and degrada-
tion of one strand with lambda exonuclease I as described
(9). Circular ssDNA (5386 bases) X174 Virion DNA was
purchased from New England Biolabs. Oligonucleotide se-
quence of the 66-mer was as described (17).
Electrophoretic mobility shift assays (EMSAs) were done
by mixing Cy5-labeled 90 nt ssDNA (18) (90 nM in nt) with
or without RPA (60 nM) in reaction buffer (50 mM Tris–
HCl [pH 7.5], 1 mM DTT, 60 mM KCl, 2 mM CaCl2 and
1 mM ATP) for 10 min at 37◦C in a final volume of 10
l. Then RAD51 (300 nM), BRCA2 (20 nM), a mixture of
both, or protein storage buffer was added and incubation
continued for additional 20 min. The reactions products
were separated on a 5% non-denaturing polyacrylamide gel
running in 0.5× TB buffer at 4◦C. Gels were analyzed using
a Typhoon Trio scanner exciting the dye-coupled DNA.
MBP cleavage and immunodetection of BRCA2
Purified 2× MBP-BRCA2 aliquots (∼1 g) were incubated
with 2 units of PreScission protease (GE Healthcare) or
with protease storage buffer for 1 h at 4◦C.Reactionmixture
was split for immunodetection and SFM imaging. Samples
were run on a 3–8% NuPAGE Tris-Acetate gel (LifeTech-
nologies), which was blotted on PVDF membrane (Immo-
bilon) for 2 h at 4◦C at 300 mA. After 1 h blocking with 5%
milk, the membrane was incubated with the primary anti-
body Anti-BRCA2 OP95, Calbiochem, 1:2000 dilution in
1% milk and 0.1% PBS buffer) overnight at 4◦C. The sec-
ondary antibody (Anti-mouse HRP, Abcam, 1:2000 dilu-
tion in 1% milk and 0.1% PBS buffer) was incubated for 2
h at room temperature. The membrane was exposed with
ECL (Pierce) and imaged with an Uvitec Alliance 2.7 in-
strument (Cambridge, UK). Cellular extracts from human
BRO-derived melanoma cells treated for hyperthermia (a
gift from H. Odijk) were used as molecular weight mark-
ers for endogenous BRCA2 identification (19). The protease
reaction mixture was diluted ten times in BRCA2 storage
buffer for SFM visualization in order to reduce background
from protease molecules.
SFMmicroscopic analysis of protein and protein–DNA com-
plexes
Samples were imaged in air at room temperature by tapping
mode SFM using a Nanoscope III or Nanoscope IV (Digi-
tal Instruments). Silicon Pointprobe tips were typeNHC-W,
resonance frequency 310–372 kHz, from Nanosensors sup-
plied by Veeco Instruments, Europe. Images were collected
at 2 m × 2 m, 512 × 512 pixels, and processed only by
flattening to remove background slope.
BRCA2 protein was diluted four times from the frozen
stock with HEPES buffer (final composition: 10–25 ng
BRCA2, 22 mM HEPES [pH 8.2], 2.5% glycerol, 112 mM
NaCl, 0.25 mM DTT, 0.12 mM EDTA). After incubation
at 37◦C or on ice, as described in the text, 50 M spermi-
dine was added as binding agent and the protein deposited
on freshly cleaved mica for 1 min, washed three times with
MilliQ water and dried with filtered air.
The volume, length, and contour profile (width and
height) measurements were done using ‘SFMetrics’ soft-
ware tool as described (20). Measurements are reported to-
gether with associated standard deviations. The volume of
each complex was normalized to E. coli RNA polymerase
(RNAP) with a known molecular weight of 450 kDa that
appeared in SFM as regular round objects. In order to char-
acterize the shape of the complex the minimum length oc-
cupied by each complex, defined as skeleton length, was
measured. The contours of V-shape domains of BRCA2
oligomers were traced manually.
Purified 2xMBP-BRCA2 protein (∼1 g) was incu-
batedwithAnti-Maltose Binding Protein antibody (-MBP
ab9084, Abcam) (250 ng) for 50 min at 37◦C. Unbound
antibody was removed by size exclusion chromatography
(Sepharose CL-4B, Sigma). Fractions containing BRCA2-
-MBP complexes were visualized by SFM.
Apparent persistence length (Pl) was obtained assuming
a worm-like chain model for semi-flexible polymers. In two
dimensions (2D), the mean square of the end-to-end dis-
tance (R) can be written as a function of the contour length
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L measurements and P calculation were performed using
‘Easyworm’ software tool (21) from >100 complexes in
each case.
Automatic peak-to-peak analysis was performed using
‘peakfinder.m’ MATLAB script (by Nathanael C. Yoder)
and returned peaks at local maxima that were at least a half
standard deviation of the sample above surrounding data
and larger than the mean of the sample.
For in situwarming of BRCA2, mica containing the sam-
ple was placed on a Dry Block Thermostat UBD (Grant
Instruments) at 37◦C for 30 min.
Interactions between protein and DNA were performed
in solution at the indicated concentrations before the sam-
ple was deposited on mica. When indicated sample was
cross-linked with glutaraldehyde (0.12%) for 5 min at 37◦C,
quenched with 50 mM Tris–HCl [pH 7.5], and deposited in
the presence of 10 mM Mg2+. BRCA2–RAD51 elongated
complex were selected based on eccentricity >0.7 (ratio of
the distance between the foci of the ellipse modelling the
protein complex and its major axis length).
Sample preparation for TIRF-SFM visualization
Nucleoprotein filaments were formed by incubating linear
ssDNA (1000 bases, 1.5 M) molecules with RAD51 (1
M) in binding buffer (10 mM HEPES[pH 8.2], 60 mM
KCl, 2 mM CaCl2, 1 mM DTT and 1 mM ATP) (9,15).
BRCA2–RAD51 complexes were formed by incubating an
excess of RAD51 (0.6 M) with BRCA2 (0.025 M) in
buffer containing 12.5 mM HEPES [pH 8.2], 4 mM Tris–
HCl [pH 7.5], 3.25% glycerol, 125 mM NaCl, 65 mM KCl,
0.4 mMDTT, 0.17 mM EDTA, taking into account contri-
butions from all protein storage buffers. This reaction buffer
composition was kept constant in all subsequent incuba-
tions unless noted. After 30 min at 37◦C, glutaraldehyde
was added to a final concentration of 0.12%, followed by
additional 5 min incubation, and quenched by adding Tris–
HCl to a final concentration of 50 mM [pH 7.5]. The sam-
ple was diluted (from 1:20 to 1:200 in order to reduce fluo-
rescent signal due to free RAD51) in deposition buffer (10
mM HEPES–KCl [pH 8.2], 10 mM Mg2Cl) and deposited
with 3 pM TransFluospheres on cleaved mica mounted
on glass cover slips, as previously described (9,22,23). Af-
ter 1 min, the mica surface was rinsed with MilliQ water
and dried with filtered air. RAD51 loading onto DNA was
also analyzed in ATP hydrolysis conditions by supplement-
ing the filament formation reaction described above with 1
mM ATP and 2 mM Mg2Cl (ATPase-Buffer). Circular ss-
DNA X174 Virion DNA (2.4 M in nt) was incubated
withRPA (0.1M).When indicatedRPA–DNA complexes
where incubated with preassembled BRCA2 (0.025 M)–
RAD51 (0.6 M) in ATPase-Buffer. Glutaraldehyde was
added as indicated. Concentrations indicate final amount
in the reactions. Samples were deposited for TIRF–SFM as
described above and observed with a Nikon TE 2000U mi-
croscope as described (9). Scanning force microscopy was
done with a NanoWizard®II scanner (JPK instruments)
mounted on the fluorescencemicroscope (9,22,23). Correla-
tion of fluorescence and topographic images was done with
the JPK DirectOverlay™ software tool. Data analysis was
performed with custom-made software written in MAT-
LAB and available in http://cluster15.erasmusmc.nl/TIRF-
SFM-scripts.
Quantification of fluorescent RAD51 monomers
The number of RAD51 monomers per complex was deter-
mined by quantification of fluorescence intensity by using
the stepwise photobleaching of single fluorophores. In or-
der to compensate for intensity variations due to differences
in sample thickness, or constrains in the degrees of free-
dom of the fluorophore because of sample deposition on
mica, a global estimation approach was used. Intensity of
one fluorophore was defined per each field of view (FOV)
after averaging the intensity steps in every region of inter-
est (ROI) as follows; sequential frames (exposure time of
300 ms) from the same FOV were acquired until photo-
bleaching of almost all fluorophores. This stack of images
was used to make a maximum intensity projection (Supple-
mentary Figure S2Ai) that creates an output image where
each pixel contains the maximum value over all images in
the stack at the particular pixel location (Supplementary
Figure S2Aii). From each ROI the intensity trace over time
was extracted from a sequence of 300 frames where only a
few fluorophores remained blinking until complete bleach-
ing. Intensity variations were estimated by a step fitting al-
gorithm (9,24,25) (Supplementary Figure S2Aiii, iv). Step
sizes smaller than background and bigger than two times
the median value were discarded from the analysis. The re-
ported number of fluorophores is the maximum intensity in
the ROI divided by the mean of average step sizes for each
ROI (Supplementary Figure S2Av, vi).
Stable nucleoprotein filaments with defined components
were formed with RAD51 and 1000 nt ssDNA in the pres-
ence of ATP-Ca2+ (Supplementary Figure S2Bi). A per-
fectly formed RAD51 filament on this length DNA would
consist of a maximum of 333 monomers (one RAD51 per
3 nucleotides) with a maximum length of 400 nm. Two-
dimensional histograms in Supplementary Figure S2Bii and
iii shows the varied population of filaments formed in these
conditions (partially covered, fully covered, and association
ofmore than one filament) as previously observed (9,15,26).
For example, in the filaments grouped between 360 and 420
nm length, the main population (5% of the total) had a vol-
ume of 30–40 RNAP equiv., representing 365–489 RAD51
monomers and 200–300 fluorophores as estimated by op-
tical microscopy. Taking into account that volume can be
overestimated due to tip distortions (27), and fluorescence
intensity underestimated because of surface–fluorophore
interaction (9), our data is in reasonable agreement with
the expected 333RAD51monomers per fully coveredDNA
molecule showing the consistency of our TIRF–SFM ap-
proach for protein quantification.
Cell culture (for super resolution microscopy)
U2OS cells were cultured in phenol-red free DMEM
(Lonza)medium supplemented with 10%FCS, L-glutamine
4510 Nucleic Acids Research, 2017, Vol. 45, No. 8
and Pen-Strep. For microscopy experiments cells were cul-
tured on 24 mm round coverslips of 1.5 thickness (170 ± 5
m). Cells were irradiated the next day with 6 Gy of ioniz-
ing radiation using a 137Cs source.
Immunostaining and sample preparation
After washing with PBS cells were fixed at the indicated
time points with 2% PFA in PBS (Lonza) for 20 min, per-
meabilized with PBS with 0.1% Triton and blocked with
PBS+ (0.5% BSA and 0.15% glycine). Primary antibodies
were incubated at room temperature for two hours in PBS+.
Primary antibodies used for those experiments were: anti-
RAD51 (rabbit polyclonal) (28), mouse monoclonal anti-
BRCA2 (OP95, Calbiochem) and mouse monoclonal anti-
RPA32 (ab2175, Abcam). For single color dSTORM ex-
periments RAD51 antibody was directly conjugated with
Alexa647 using APEX Antibody Labeling Kit (Molecular
Probes, Thermo Scientific). For dual color dSTORMexper-
iments secondary antibodies were used.
After multiple washing steps with PBS with 0.1% Triton
coverslips were incubated for 1 h with secondary antibod-
ies recognizing either rabbit or mouse immunoglobin con-
jungated with fluorescent dyes, Alexa647 (Thermo Scien-
tific) or Atto488 (Rockland). To avoid background of free
antibodies, the samples were postfixed for 20 min with 2%
PFA in PBS. 100 nm Tetraspeck beads (Life Technologies)
were added to the fixed cells for channel alignment and drift
correction. To perform dSTORM imaging coverslips were
mounted in a coverslip holder and incubated in imaging
buffer containing 25 mMMEA (Sigma), 0.5 mg/ml glucose
oxidase (Sigma), 40 g/ml catalase (Sigma), and 10% w/v
glucose in Tris–HCl pH 8.0.
dSTORM imaging
Confocal and dSTORM data were acquired on a Zeiss
Elyra PS1 systemusing a 100× 1.49NAPlanApochromat
objective. Confocal images were acquired using an Argon
laser and 633 nm diode laser. For dSTORM 488 and 642
100 mW diode lasers were used to excite the fluorophores
together with, respectively, a BP 495–575 + LP 750 or LP
655 excitation filter. Additionally, a 20 mW 405 laser was
used to increase blinking during dSTORM imaging. Imag-
ing was performed using HiLo illumination and the data
was acquired using a 512 × 512 pixel Andor iXon DU 897
EMCCD camera. Per super resolution image 10 000–15 000
imageswere acquiredwith an acquisition time of 33ms. Two
color imaging was performed sequentially, first Alexa647
followed by Atto488.
dSTORM data analysis
A 2D Gaussian fitting algorithm (ZEN 2011, Carl Zeiss,
Jena) was used to detect and localize the fluorescent events
in the individual frames of the dSTORM movies. Over-
lapping fluorescent detections were discarded. Detections
within a distance of 20 nm and five subsequent frames
were assumed to originate from the same fluorophore and
grouped together. Tetraspeck beads (100 nm) deposited on
the cells before the experiment were used to correct for
drift. To align the two color dSTORM images the posi-
tions of the same fiducials were used for an affine align-
ment. RAD51 dSTORM images were aligned, with the cor-
responding confocal image using a channel alignment algo-
rithm in the ZEN2011 software. The confocal images were
used to manually select the foci. Circular Regions of Inter-
ests with a 1 m diameter around the foci were selected us-
ing Fiji/ImageJ. The localizations of these ROIs were ex-
ported using an ImageJ macro as text files and imported
into R using the RStudio for further analysis (R Develop-
ment Core Team, 2008). Localizations were clustered using
a DBSCAN algorithm (Michael Hahsler (2015). dbscan:
Density Based Clustering of Applications with Noise (DB-
SCAN) and Related Algorithms. R package version 0.9-6.
(http://CRAN.R-project.org/package=dbscan). For a more
detailed description of the methods see Supplementary Fig-
ure S5.
RESULTS
Human BRCA2 associates as oligomers
To study the architectural arrangements of BRCA2 protein,
we purified full-length human BRCA2 protein fused with
two maltose binding proteins (MBP) as described (3). Vi-
sualization by SFM reveals the ensemble of BRCA2 com-
plexes and their structural variation at nm resolution after
deposition in conditions compatible with biochemical ac-
tivity (10 mM HEPES [pH 8.2], 112 mM NaCl) and in the
absence of fixation agents. A variety of BRCA2 oligomers
were evident in SFM images, as previously observedEM im-
ages from which prominent dimers were compiled for struc-
ture building (6). BRCA2 complexes appeared as a hetero-
geneous population of branched elongated structures (Fig-
ure 1A). SFM imaging provides an accurate representation
of protein association in solution and distribution of mul-
timeric states. (29,30) The volume and the skeleton length
of individual BRCA2 protein complexes were used to esti-
mate the number ofmonomers by a semi-automatic analysis
routine (20). The distribution of BRCA2 complexes (Fig-
ure 1B), based on volume and skeleton length, had two
main populations containing dimers, the most prominent,
(1.6 ± 0.4 [SD] subunits) and likely tetramers or pentamers
(4.6 ± 2.8 [SD]) with a skeleton length of 179 ± 114 (SD)
and 403 ± 132 (SD) nm, respectively. Isolated monomers
of BRCA2 were up to 100 nm in length (example boxed
in Figure 1A). Inspection of the oligomeric complexes re-
vealed an intriguing, recurrent protruding V-shape domain.
One arm of the V was significantly shorter than the other
(35 ± 5 [SD] nm versus 44 ± 6 [SD] nm from 235 ana-
lyzed complexes, P< 0.05 two-sample t-test). This arrange-
ment could result from folding one BRCA2 monomer near
the middle of the molecule, or an association between two
different monomers in parallel or antiparallel orientation
with a small offset. Antibodies recognizing the MBP tags
increased the volume in the center of the complex but not
to the protruding ends of the elongated structures (Figure
1C). This suggests that some of the C-terminal DNA bind-
ing domains could be protruding (see discussion). The as-
sociation of BRCA2 into multimers and the arrangement
of the elongated domains was independent of MBP as the
Nucleic Acids Research, 2017, Vol. 45, No. 8 4511
Figure 1. Human BRCA2 associates in high-order oligomers and undergoes temperature induced conformation changes. (A) Representative SFM image
of 2xMBP–BRCA2 with several complexes from monomers (example boxed) to higher order oligomers showing a characteristic V-shape. Image size 1 × 1
m. (B) Distribution of complexes based on volume and length. All individual complexes from images similar to those shown in panel Aweremeasured and
their distribution plotted in a 2D histogram with bin size 60 nm× 1 RNAP equiv. One RNAP (∼450 kDa) equals approximately one 2xMBP–BRCA2 (470
kDa). Color indicates percentage of total complexes analyzed as shown in the scale bar. Red lines are guides to view bins. Inset images are zoomed examples
(shown at different scales) representative of complexes in quadrants defined by the red lines. (C) SFM images of BRCA2 incubated with MBP antibody
(upper row) compared to BRCA2 alone (bottom row). (D) The MBP tag does not influence BRCA2 oligomeric structure. SFM image of BRCA2 (white
square and zoomed view below) after cleavage of the MBP tags by incubation with PreScission protease. The small round particles (yellow arrowhead) in
the background are either protease or cleaved tag. Inset shows Western blot verification of tag cleavage. Samples are: lane ‘+’ after and ‘–’ before protease
incubation. Western blot control and size comparison are: lane ‘37◦C’ extracts from human BRO-derived melanoma cells showing endogenous BRCA2
which is as expected degraded as shown in lane “42◦C. Black arrowhead: MBP tagged BRCA2; red arrowhead: untagged BRCA2. Color intensity indicates
height (from 0 to 1.5 nm, dark to light). (E) SFM images of BRCA2 and quantification of size distribution, in conditions as labeled; incubation on ice, in
situ warming to 37◦C, or incubation with 66 nt ssDNA.
shape or distribution of forms was unchanged after removal
of the tags (Figure 1D).
The oligomeric and elongated appearance of BRCA2
suggested structural variability characteristic of proteins
with intrinsically disordered regions. The structure of pro-
teins with intrinsically disordered regions can vary dramat-
ically due to relatively subtle change in conditions (31). We
tested the effect of incubation at different temperatures and
addition ssDNAon BRCA2 complex architecture. Notably,
the protein complexes assumed a largely globular shape if
the sample was deposited from incubation on ice (Figure
1E). This transition was readily reversible as in situ warm-
ing to 37◦Cof the sample onmica, or incubation on ice with
linear ssDNA oligonucleotides before deposition for imag-
ing, exposed the branched structures. This suggests that self-
association among BRCA2 domains, resulting in globular
or extended structures, is readily reversible and dynamic
consistent with the behavior of intrinsically disordered re-
gions.
Structural plasticity of human BRCA2
Primary sequence analysis predicts the frequent occurrence
of segments along the BRCA2 amino acid sequence that can
be described as intrinsic disordered regions (IDRs) (32,33)
(Supplementary Figure S1A–C). IDRs are often character-
istic of flexible linkers involved in the assembly of macro-
molecular complexes (33,34). We compared the dimensions
of the BRCA2 elongated structures with double-stranded
DNA (dsDNA) and the coiled-coils of the RAD50 compo-
nent of the human MRN complex (35) visualized by SFM.
Full width at highmaximum (FWHM) of extended BRCA2
was similar to dsDNA or RAD50 coiled coils indicating a
true width of 2 or 3 nm after accounting for SFM tip dis-
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tortions (27). The apparent persistence length (PL) of elon-
gated BRCA2 (17± 1 [SD] nm) was less than dsDNA (56±
6 [SD] nm) or RAD50 coiled coils (30 nm (36)), showing the
flexibility of BRCA2 as a polymer (Supplementary Figure
S1D and E).
BRCA2–RAD51 complexes are regular elongated structures
BRCA2 functions in HR associated with RAD51. To de-
scribe the arrangement and variation in BRCA2–RAD51
complexes we used TIRF-SFM (9) and compared fluores-
cent RAD51, hereafter RAD51 (15,16,25) (Supplementary
Figure S2A), BRCA2 and a mixture of the two, in the ab-
sence of DNA and nucleotide cofactor. BRCA2–RAD51
complexes were formed at a molar ratio of 1:24 and vi-
sualized by TIRF-SFM, after fixation with glutaraldehyde
(Figure 2A). In the absence of fixation limited BRCA2–
RAD51 complexes were observed by SFM, indicating in-
teractions that are dynamic or transient in these conditions.
The co-incubation resulted in protein complexes with an
unanticipated filament-like appearance not apparent for ei-
ther RAD51 or BRCA2 separately prepared with the same
fixation protocol (Supplementary Figure S3). Analysis of
TIRF-SFM images revealed filament like structures rang-
ing from 30 nm to >500 nm long, and a main population
with a volume equivalent to 20–30 RNAP equiv., including
50–100 RAD51 monomers based on fluorescence (Figure
2B and C). The number of RAD51 monomers based on
fluorescence intensity in BRCA2–RAD51 complexes was
lower than in RAD51–DNA complexes with the same vol-
ume (see Materials and Methods and Supplementary Fig-
ure S2B for details of the quantification). The extra vol-
ume in the BRCA2–RAD51 complexes in the main pop-
ulation was equivalent to 12–26 BRCA2 monomers. Simi-
lar structures were observed using unlabeled RAD51 pro-
tein indicating that the regular elongated forms are not
due to the fluorescent label (Supplementary Figure S4A).
The elongated structures had an interrupted height pro-
file repeating with 51 ± 67 (SD) nm periodicity along their
contour, indicating the end-to-end association of smaller
complexes. For comparison dimeric BRCA2–RAD51 com-
plexes reconstructed from EM images are roughly oval at
26.5 nm× 16.5 nm (6). Additionally, BRCA2–RAD51 com-
plexes were wider (FWHM = 17.8 ± 6 [SD] nm) and stiffer
(PL = 698 ± 338 [SD] nm) than RAD51-dsDNA filaments
(FWHM = 8.75 ± 3.1 [SD] nm, PL = 91 ± 11 [SD] nm)
filaments (Supplementary Figure S1D). Together the vol-
ume and fluorescence analysis of complexes observed by
SFM indicated they consist of 4–5 RAD51 per BRCA2,
similar to the stoichiometry of on average 4.5 to maximal
6 RAD51 per BRCA2 determined by biochemical methods
(3). The elongated structures indicated specific interactions,
captured during fixation, resulting regular, ordered multi-
mers with a unit length of ∼50 nm.
Multiple patches of BRCA2–RAD51 load on ssDNA
The organization of RAD51 by BRCA2, in the absence
of DNA, into higher order structures larger than those
previously described (6), suggested the possibility that
RAD51 is loaded onto ssDNA in a manner distinct
from the nucleation and growth mechanism commonly de-
scribed (6,16,25,37,38). To observe the effect of BRCA2
on RAD51–DNA loading, we incubated ssDNA (X174
Virion) with fluorescent RAD51 alone (Figure 3A) or with
BRCA2–RAD51 (Figure 3B) in the presence of ATP and
Mg2+, necessary cofactors for dynamic filament assem-
bly. We used sub-saturating concentrations of RAD51 (1
monomer per 4 nt) to highlight the possible mediator ef-
fect of BRCA2. DNA–protein complexes with fluorescent
RAD51 were visualized by TIRF–SFM after fixation with
glutaraldehyde (Figure 3A) and analyzed for volume and
fluorescence intensity (Supplementary Figure S4B). In these
conditions, RAD51 alone did not stably bind to ssDNA
and the DNA appeared mainly free of protein (31 out of
37 DNA molecules, Figure 3Ai) with unbound RAD51 in
the background. Incubation of BRCA2 with RAD51 re-
sulted in multiple RAD51 patches on all ssDNA molecules
(Figure 3Aii, iii). The amount of fluorescent RAD51 in
these DNA-protein complexes was determined by TIRF–
SFM (Supplementary Figure S4B). Volume analysis indi-
cated that BRCA2 was included, in addition to RAD51 de-
tected by fluorescence, in the DNA bound structures. For
example, in the population with a total volume equivalent
to 30–40BRCA2monomers and 143± 101 (n= 17)RAD51
monomers detected by fluorescence would include addi-
tional volume equivalent to 18–28 BRCA2monomers. Both
RAD51 and BRCA2 can bind ssDNA and either or both
proteins could be bound in the complexes observed here.
This striking association of RAD51 with DNA only in the
presence of BRCA2 reflects the importance of the BRCA2–
RAD51 complex for initiating DNA strand exchange.
The DNA-protein complexes observed by SFM, includ-
ing RAD51 and BRCA2, had patches with regular features
(Figure 3Aiii). The average length of the patches, delineated
by a decrease in the cross-section height or a kink in the con-
tour was 71 ± 24 (SD) nm (from 405 patches in 79 DNA–
protein complexes). The dimensions of the DNA bound
complexes (FWHM = 13.9 ± 6.7 [SD] nm, height = 3.8 ±
1.5 [SD] nm) were different from both the RAD51–dsDNA
filaments (FWHM = 8.75 ± 3 [SD] nm, height = 2.5 ±
0.6 [SD] nm, n = 101) and the BRCA2–RAD51 complexes
(FWHM = 17.8 ± 6 [SD] nm, height = 2.4 ± 0.9 [SD] nm,
n= 123). These dimensions, together with volumemeasure-
ments and number of RAD51 estimated from fluorescence,
indicate that BRCA2 not only facilitates RAD51 loading
on ssDNA but that interaction with ssDNA also induced
partial release of BRCA2.
The apparent release of BRCA2 was more evident when
the DNA protein complexes were visualized in the absence
of fixation (Figure 3B). Pre-incubation of the ssDNA with
RPA (visualized in Figure 3B without fixation) resulted in
limited loading of RAD51 in the absence of BRCA2 (Fig-
ure 3Bii, iii and Supplementary Figure S4E andF). Interest-
ingly, DNA electrophoretic mobility shift experiments sug-
gest that BRCA2 could rearrange RPA on DNA (Supple-
mentary Figure S4D, compare lanes 2 and 6). As expected,
BRCA2 enhanced RAD51 loading onto RPA coated ss-
DNA (Figure 3B and Supplementary Figure S4E and F).
About 2-fold more RAD51 was loaded onto ssDNA prein-
cubatedwithRPA in the presence of BRCA2, 137± 42 (SD)
versus 69± 42 (SD) RAD51 monomers per DNAmolecule
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Figure 2. BRCA2–RAD51 complexes organize into filament-like structures. (A) RAD51–BRCA2 complexes visualized by combined SFM and fluores-
cence microscopy (TIRF–SFM). SFM scan overlaid with fluorescence image (green) of BRCA2 incubated with fluorescent RAD51 and cross-linked with
glutaraldehyde. Numbers indicate RAD51 monomers ± SD for the complexes shown. (B) Volume and length of all complexes were measured and their
distribution plotted in a 2D histogram with bin size 60 nm x 10 RNAP equiv. Color indicates percentage of total of complexes analyzed (n= 274) as shown
in the scale bar. (C) Distribution of RAD51-BRCA2 complexes based on number of fluorophores (RAD51) and length. All complexes were measured and
their distribution plotted in a 2D histogram with bin size 60 nm x 50 RAD51 monomers. Color indicates percentage of total complexes analyzed (n= 274)
as shown in the scale bar.
Figure 3. BRCA2 oligomers mediate RAD51 hand-off to DNA. (A) Loading of RAD51 on DNA (i) SFM image of X174 Virion ssDNA incubated with
RAD51 and cross-linked with glutaraldehyde. Color intensity indicates height (from 0 to 3 nm). (ii) TIRF-SFM image of X174 Virion ssDNA incubated
with BRCA2–RAD51 and cross-linked with glutaraldehyde. (iii) Examples of multiple BRCA2–RAD51 complexes bound to X174 Virion ssDNA from
images similar to panel B. The patch length (red line) was analyzed with ‘SFMetrics’. (B) Loading of RAD51 on RPA coated ssDNA (i) SFM image of
X174 Virion ssDNA incubated with RPA, visualized without fixation. (ii) RAD51–RPA–ssDNA complexes visualized by SFM without fixation. (iii)
BRCA2–RAD51–RPA–ssDNA complexes visualized by SFM without fixation.
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(Supplementary Figure S4E and F). The resulting protein
DNA complexes also appeared very different from those
formed on ssDNA alone. BRCA2 loaded RAD51 was more
evenly distributed loaded onto RPA-ssDNA, not in defined
patches (compare Figure 3Aiii to Biii). In addition, based
on fluorescence intensity estimates of RAD51 monomers
and volume, BRCA2 was largely absent from these com-
plexes (Figure 3B). The architectural rearrangements and
molecular hand-off of RAD51 from BRCA2 to DNA was
apparently enhanced by interaction with RPA.
Distinct arrangements of BRCA2 and RAD51 at DNA dam-
age sites in the cell nucleus
With conventional microscopy resolution RAD51 and
BRCA2 are reported to co-localize at sites of DNA damage
(10,19,39).However, our in vitro results suggest that BRCA2
and RAD51 may separate once RAD51 is loaded onto
DNA. To determine the arrangement of BRCA2, RAD51
and RPA in the nucleus of U2OS cells after DNA double-
strand break induction, we used single molecule localiza-
tion microscopy (dSTORM). This provides localization ac-
curacy relevant tomolecular dimensions. Typical accumula-
tions of RAD51, often referred to as DNA repair foci, were
clearly visible by fluorescence confocal microscopy (Supple-
mentary Figures S5A and S6A). Localization of individual
molecules by dSTORM revealed that RAD51 focal accu-
mulations were frequently elongated some more than 400
nm long (Figure 4A–C). Subsequent two-color dSTORM
imaging revealed that BRCA2 localizations were relatively
diffuse with several clusters around the elongated RAD51
accumulations (Figure 4C). As expected from their relative
nuclear concentration (10) and likely interaction stoichiom-
etry (3) most BRCA2 clusters were smaller than RAD51
clusters, including fewer localizations.
The relative location of BRCA2 and RAD51 was ana-
lyzed quantitatively (Figure 4C–E, Supplementary Figure
S5). Each RAD51 focus was oriented with its long axis ver-
tical with the most intense signal up and an overlay of all
foci was compiled (Figure 4E, see also Supplementary Fig-
ure S5E). BRCA2 localizations (magenta) were not concen-
trated in the center but clearly spread around the central
RAD51 cluster. The spatial overlap between two different
protein species in single molecule localization microscopy
can be studied by quantifying the abundance of localiza-
tions of the one protein near localizations of the other (40).
Here, the fraction of RAD51 localizations that overlapped
with the BRCA2 was quantified by counting the number
of BRCA2 localizations within a radius of 50 nm from ev-
ery RAD51 localization (Supplementary Figure S5C and
D). From this a fraction of overlapping RAD51 localiza-
tions can be calculated for every DSB focus. For each time
point after DNA damage induction by ionizing irradiation
(IR) we classified foci based on the fraction of overlapping
BRCA2 and RAD51 they included and plotted their distri-
bution in histograms (Figure 4D). As can be seen at all 3
time points after IR (0.5, 2 and 6 h) most foci included at
least some RAD51 signal that was not overlapping with the
BRCA2 signal (cumulative total of all histogrambars except
fraction overlapping = 1.0). At 0.5 h after inducing breaks,
with 6 Gy ionizing irradiation, the most frequent class of
foci had no overlap in BRCA2 and RAD51 (30%). This
pattern changed in time after irradiation. The proportion
of foci with most BRCA2 and RAD51 overlapping (his-
togram bin at 0.8–1.0 fraction overlapping) increased at 2
and 6 h. In comparison similar two-color dSTORM imag-
ing for RPA and RAD51 showed a different distribution
within foci with varying overlap (Figure 4F, Supplementary
Figure S6C and D). As a control for our imaging, analysis
methods and comparison of the histogram presentations,
we stained RAD51 with a mixture of secondary antibody
labeled with two different dyes which showed almost com-
plete overlap in signal, as expected (Figure 4G). We have
reliably quantified the relative distribution of different pro-
teins in DNA damage include foci, where BRCA2 and RPA
were often separated from RAD51. Changes in these pat-
terns can be correlated to dynamic interactions during the
DNA repair process and used to test biological function.
DISCUSSION
We have determined the relative arrangement of essential
DNA break repair proteins, BRCA2, RAD51 and RPA,
in complexes on DNA from purified components and in
the cell nucleus. These data identify steps in the molecu-
lar choreography of assembling functional repair machin-
ery where it is needed. BRCA2 alone displays variable struc-
tures, depending on mild changes in conditions and to
binding partners, features characteristic of proteins includ-
ing intrinsically disordered regions. Binding to RAD51 in-
duces dramatic reorganization into a regular complex capa-
ble of multimerization and active in loading RAD51 onto
ssDNA. We observe at least partially release of RAD51
from BRCA2 to DNA in the presence of RPA. Super-
resolution imaging in cell nuclei also indicated that BRCA2
and RAD51 separate at the sites of DNA damage. BRCA2
however remained in the area of the DNA damage, as also
observed in foci with standardmicroscopy, possibly indicat-
ing a role late in DNA break repair.
BRCA2 is responsible for delivering RAD51 to sites of
DNA breaks in the nucleus. As such it has to scan nuclear
volume for sites where its action is needed. At an approx-
imate concentration of 10 nM, in the range estimated for
BRCA2 and several other DNA repair proteins in the cell
nucleus (10,41,42), each protein would have to search vol-
umes equivalent to a sphere with radius of about 300 nm.
Our direct SFMvisualization shows that BRCA2 oligomers
can adopt an extended configuration spanning up to sev-
eral hundred nanometers. BRCA2 oligomers in this con-
formation effectively tethermultiple C-terminalDNAbind-
ing domains. In addition association with multiple RAD51
monomers effectively provides additionalDNAbinding do-
mains tethered in close proximity. These features would fa-
cilitate an effective search for DNA damage sites in the nu-
cleus via frequent non-specific interactions (10). BRCA2 re-
gions characterized as intrinsically disordered could allow
fluctuating inter- and intra-molecular associations with low
entropy cost promoting conformational flexibility and func-
tional exchange of binding partners (43). Intrinsically dis-
ordered regions of BRCA2may also facilitate its accumula-
tion via interaction with poly(ADP-ribose) which has been
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Figure 4. BRCA2 and RAD51 localize in different patterns in ionizing radiation induced foci. (A) Super resolution (dSTORM) images of RAD51 foci
detected by immunofluorescence in U2OS cells fixed 2 h after treated with 6 Gy of ionizing radiation (IR). (B) Distribution of the RAD51 structures
based on length of the major axis. (C) Examples of repair foci RAD51 (green, Atto488 conjugated secondary antibody) and BRCA2 (magenta, Alexa647
conjugated secondary antibody) acquired with dSTORM. (D) RAD51 localizations that overlap with BRCA2 were determined for every ROI (focus) and
the distribution of foci based on fraction overlapping signals plotted in a histogram (Supplementary Figure S4D) (n = 15, 11, 11 cells respectively). (E)
Summed projections of dSTORM images of repair foci aligned and rotated based on the RAD51 (green) signal, show the BRCA2 (magenta) signal spread
around RAD51. Images represent the same time points as in D. (F) The distribution of foci based on fraction of overlapping signals for RAD51 and RPA.
(G) As a control cells were stained for RAD51 and two different secondary antibodies showing, as expected, all foci with near complete overlap of signals
in this analysis. Scale bars indicate 100 nm.
suggested to seed the accumulation of intrinsically disor-
dered proteins at the sites of DNA breaks (44).
In vitro single-molecule experiments have extensively
studied theDNAbinding behavior of RAD51 (16,25,38,45)
where filament formation is described as a two-steps pro-
cess involving nucleation and growth. Our previous live cell
imaging data (10) indicated that most, if not all, nuclear
RAD51 is traveling in complex with BRCA2 suggested that
filament formation in vivo may be dominated by these com-
plexes and not free RAD51. We show here that BRCA2
transforms RAD51 into a stiff multimeric DNA binding
complex offering potential mechanistic advantages. The
BRCA2–RAD51 complex is essentially a multimeric DNA
binding complex that would facilitate loading of RAD51
onto ssDNA in competition with proteins like RPA (3–5).
Although RAD51 in vitro can displace RPA on ssDNA, we
note that in vivo the relative concentrations of these pro-
teins likely make this ineffective. Modification of RAD51
by phosphorylation mitigates the need for mediators to re-
place RPA in vitro (46). However if post-translational mod-
ification does not occur effectively until after filament for-
mation, additional help to replace RPA initiating filament
formation would be needed. Even a single BRCA2 compris-
ing three OB folds and multiple RAD51s forms a multi-
meric ssDNA binding complex that we suggest could effec-
tively compete away ssDNA-bound RPA without the need
of direct interaction between BRCA2 and RPA (47). The
complete dependence on BRCA2 for loading RAD51 on
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ssDNA in the absence of RPA, observed here with lim-
ited RAD51 (Figure 3), possibly suggests an additional role
for this complex unfolding ssDNA secondary structures.
In combination BRCA2–RAD51 complexes serve a se-
ries of functions: catching RPA–ssDNA, using the BRCA2
DNA-binding domains to promote replacement of RPA
for RAD51, and delivering multiple RAD51 molecules for
efficient filament formation (Supplementary Figure S4G).
We anticipate that the intrinsically disordered regions of
BRCA2 are essential for dynamic structural rearrangements
that catalyze molecular hand-off events in the cell nucleus.
Although all detectable RAD51 diffuses in the cell nu-
cleus in complex with BRCA2 (10) release to load RAD51
onto DNA at break sites is expected in vivo. The accu-
mulation of DNA break repair proteins at sites of dam-
age in the cell nucleus has been extensively studied by flu-
orescence microscopy. After DNA breaks are induced, pro-
teins needed to perform DNA strand exchange in HR re-
organize by rapidly associating in clusters, or repair foci,
in a BRCA2 dependent manner (48). The limited resolu-
tion of standard light microscopy is unable to resolve the
relative arrangement of RAD51, BRCA2, and other re-
pair proteins in foci that all appear as (overlapping) spher-
ical clusters. The increased resolution of dSTORM, ac-
quired by separating the fluorescence signal of individual
molecules, enables accurate localization of single molecules
in densely labeled samples. We present here super reso-
lution images of RAD51, BRCA2 and RPA detected by
immuno-fluorescence inDNAdamage induced foci.We ob-
serve RAD51 arranged in an elongated patterns, up to sev-
eral 100 nm long. Though there is no independent evidence
that these structures are RAD51-DNA filaments, this elon-
gated appearance is expected for a protein that coats DNA,
in a filament. The length of the elongated RAD51 struc-
tures is reasonable given that 450 nm (approximate median
of the distribution Figure 4B) is equivalent to a perfect
RAD51-DNA filament including 900 nt of DNA and 300
RAD51 molecules (note number of localizations does not
equal number of molecules in our super-resolutionmethods
employing indirect immunofluorescence staining and detec-
tion of fluorophore blinking).
Our immunofluorescence experiments show distinct pat-
terns of BRCA2, RAD51 and RPA in DNA damage in-
duced foci. The RAD51 primary antibody used is poly-
clonal and will recognize many epitopes or presentations
of RAD51. The monoclonal BRCA2 antibody recognizes
one of the RAD51 binding BRC repeats. It is possible this
epitope is not as efficiently recognized if RAD51 is bound
to some of the BRC repeats in BRCA2. Even if all BRCA2
is not detected all RAD51 should be detected whereby the
distinct pattern of RAD51 and BRCA2 reveal different dy-
namic arrangements at DNA breaks sites. At the earliest
times analyzed after damage (0.5 hr) BRCA2 is in small
clusters separated from most of an elongated, much larger
RAD51 cluster (Figure 4D and E) consistent with a molec-
ular hand-off upon loading RAD51 onto DNA. However,
hand-off does not lead to BRCA2 absence from the foci, as
BRCA2 clusters are observed also at later stages (2 and 6
h after damage induction). This suggests a role for BRCA2
beyond delivering RAD51 and that BRCA2 and RAD51
may re-associate before leaving the site of DNA damage.
In our super resolution images the RPA signal is also
largely separated from RAD51 as expected if RAD51 re-
places RPA bound to DNA (Figure 4F and Supplemen-
tary Figure S6C). Interestingly we observe both BRCA2
and RPA are present at the RAD51 damage induced foci
at all three time points after damage induction. The reten-
tion of RPA at DSBs has been observed in yeast by ChIP,
both at the DNA break site and at repair donor locus (49).
We observe RPA in dense clusters, with large number of lo-
calizations, in contrast to RAD51, which is present in an
extended pattern. As is the case for the DNA repair foci
observed with conventional microscopy, there is no proof
that the foci presented here with dSTORM represent DNA
bound proteins; however their patterns are consistent with
the different roles of these proteins and the structures they
are expected to form on DNA.
The relative patterns of BRCA2 and RAD51 change over
time after DNA damage (50). Here we observe specifically
that localization of BRCA2 and RAD51 within 50 nm of
each other is more common at later times, 2 and 6 hr after
damage induction. At the dose of DNA damage inflicted,
some of the damage is irreparable and some cells will even-
tually die. Thus the later time points may represent repeated
attempts to repair or stalled repair. The increased associ-
ation of BRCA2 and RAD51 in time may represent ad-
ditional BRCA2 functions, stabilizing RAD51 association
with broken DNA or more intriguingly an active role in re-
moval of RAD51 after repair. Distinguishing these possibil-
ities awaits further analysis and the ability to follow a repair
event over time. However the ability to define and quan-
tify relative protein arrangements demonstrates the power
of our analysis to determine function in cells during the
DNA repair process. We propose that the malleable nature
of BRCA2, including multiple intrinsically disordered do-
mains, facilitate its functions to locate break sites in nuclear
space, exchange RPA for RAD51 on ssDNA and deliver
RAD51 as multimeric complexes for efficient assembly of
strand exchange machinery.
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